Knowledge of variant pathogenicity is key to implementing genomic medicine. We describe variability between expert reviewers in assigning pathogenicity to sequence variants in LDLR, the causal gene in the majority of cases of familial hypercholesterolemia. LDLR was sequenced on the Illumina HiSeq platform (average read depth 4200 × ) in 1013 Mayo Biobank participants recruited from 2012 to 2013. Variants with a minor allele frequency (MAF) o5% predicted to be functional or referenced in HGMD (Human Gene Mutation Database) or NCBI-ClinVar databases were reviewed. To assign pathogenicity, variant frequency in population data sets, computational predictions, reported observations and patient-level data including electronic health record-based post hoc phenotyping were leveraged. Of 178 LDLR variants passing quality control, 25 were selected for independent review using either an in-house protocol or a disease/gene-specific semi-quantitative framework based on the American College of Medical Genetics and Genomics-recommended lines of evidence. NCBI-ClinVar included interpretations for all queried variants with 74% (14/19) of variants with 41 submitter showing inconsistency in classification and 26% (5/19) appearing with conflicting clinical actionability. The discordance rate (one-step level of disagreement out of five classes in variant interpretation) between the reviewers was 40% (10/25). Two LDLR variants were independently deemed clinically actionable and returnable. Interpretation of LDLR variants was often discordant among ClinVar submitters and between expert reviewers. A quantitative approach based on strength of each predefined criterion in the context of specific genes and phenotypes may yield greater consistency between different reviewers.
INTRODUCTION
Determining disease-relevant DNA variants from genome sequencing is a significant challenge as false assignments of pathogenicity can have adverse consequences in clinical practice. 1 Current mutation databases are not a reliable source for assigning variant pathogenicity and there is a need for accurate and up-to-date centralized repositories of potentially actionable variants based on rigorous evidence. 2 The American College of Medical Genetics and Genomics (ACMG) recommends reporting actionable incidental findings from genome sequencing. 3 It is therefore imperative to explore processes and criteria for assigning pathogenicity to specific variants and assess the frequency of such incidental findings in patients suspected to have disease as well as apparently healthy individuals from the general population.
Electronic health record (EHR)-based assessment of phenotypic correlates of variants in disease-related genes may facilitate interpretation of results of genome sequencing. 4, 5 A common genetic disorder of major public health importance, familial hypercholesterolemia (FH) is associated with elevated low-density lipoprotein cholesterol (LDL-C) levels and if untreated, premature atherosclerotic cardiovascular disease (ASCVD) and significant decrease in life expectancy. 6, 7 Pathogenic variants in one of three genes, that is, LDLR, APOB, PCSK9, leading to impaired LDL receptor function and elevated LDL-C levels, account for the majority of FH cases. The ACMG recommends returning incidental findings in these three genes implicated in FH. 3, 8 The majority of FH patients with positive genetic testing results have rare pathogenic variants in LDLR 9 which comprise 60% of the~2000 LDLR genetic variants that have been submitted to the Human Gene Mutation Database (HGMD). Prior studies have highlighted inconsistency in variant classification between locusspecific databases as well as between interpreters. [10] [11] [12] [13] In this report we describe discordance in reported classification among submitters to curated databases and among expert reviewers in assigning variant pathogenicity in individuals from the community who underwent sequencing of LDLR in a Clinical Laboratory Improvement Amendments-certified facility.
MATERIALS AND METHODS

Study participants
Participants for this investigation were sampled from the electronic MEdical Records and GEnomics Network (https://emerge.mc.vanderbilt.edu/) Pharmacogenomics (eMERGE-PGx) project in which a next-generation sequencing platform designed to assess sequence variation in 84 pharmacogenes was implemented in~9000 patients likely to be prescribed drugs of interest in a 1-3 years' time frame across several clinical sites in US. 14 The Mayo Clinic site's contribution included 1013 residents of Olmsted County who were participants in the Mayo biobank. 15 The Right Drug, Right Dose, Right Time-Using Genomic Data to Individualized Treatment (RIGHT Protocol), investigated preemptive integration of actionable variants in these pharmacogenes in the EHR with linkage to clinical decision support. Baseline characteristics of study participants who were empaneled in the Mayo Clinic primary care practices (from 2012 to 2013), the sequencing methodology, and a prediction model to identify patients likely to be started on statin therapy within 3 years are described elsewhere. 15 All subjects gave written informed consent, and the study protocol was approved by the Institutional Review Board at Mayo Clinic (Rochester, MN).
LDLR sequencing
LDLR was sequenced using the PGRN-Seq 16 capture reagent coupled with a high-throughput next-generation sequencing (NGS) platform in the Mayo Clinical Genome Sequencing Laboratory which is Clinical Laboratory Improvement Amendments-certified and College of American Pathologists accredited. The complete coding region plus 2 kb upstream and 1 kb downstream was sequenced on the Illumina HiSeq 2500 (Illumina, San Diego, CA, USA). A number of filters were implemented to remove false-positive calls, and data quality and error rates were carefully evaluated. All samples had at least 30 × coverage in all exons with nearly 25% of samples having 600 × coverage in the exons. The per-exon average coverage for LDLR varied from 251 to 862 reads. Following standard bioinformatics processing and variant calling, we employed SnpEff 17 to annotate and predict the effects of genetic variations. Our choice of SnpEff was determined based on its ability to accept Variant Call Format files as input, continually updated transcript databases and support for the Genome Analysis Toolkit. 18 Cohort description, phenotyping and associated quality control analysis workflow are available in the online Supplementary Materials and Methods.
Variant selection
Variant selection was completed using bioinformatics prediction tools, DNA variation databases and expert review. A tiered strategy for selecting variants for further expert review was employed. Variants with a minor allele frequency (MAF) o5% were selected for further analysis if predicted to be high/ moderate/low impact based on SnpEff or reported in the HGMD Professional 2015.4 or NCBI-ClinVar in association with FH phenotype. Sequence data and read-alignments for selected variants were reviewed by a bioinformatics specialist. Further manual review of filtered variants was performed by two independent laboratory specialists involved in interpretation of genetic testing results for FH.
Variant annotation
An average of 22.7 variants were called in LDLR with a variant density of 4.3 variants/kb (5.3 kb of sequence, Supplementary Figure 1 ). An outline of the workflow for LDLR variant annotation is depicted in Figure 1 . One reviewer used a conventional assessment protocol and classification system for variant designation adopted by Mayo Clinic's Department of Laboratory Medicine and Pathology while the second reviewer annotated variants using scoring criteria tailored based on the lines of evidence recommended by the ACMG guidelines.
Variant 
RESULTS
Study participants
The median age of the study cohort (n = 1013) was 56 years, 47% were men and 86% were white. Twenty-five putatively functional pathogenic variants in LDLR were identified in 124 individuals (12%). The mean age of this sample was 57.9 ± 5.5 years, 53% were women, and mean LDL-C level was 3.5 ± 0.8 mmol/l, 98% white. Of these 124 participants, five (4%) patient had severe hypercholesterolemia (LDL-C ≥ 4.9 mmol/l), 27 (22%) had high LDL-C levels (4.1-4.9 mmol/l), and 28 (23%) had a borderline high levels (3.4-4.1 mmol/l). The LDL-C levels were extracted from structured laboratory databases. Dutch Lipid Clinic Network (DLCN) criteria 19 were used to identify patients likely to have an FH-causing genetic variant. Supplementary Table 1 details clinical and sequencing characteristics pertinent to the 25 LDLR variants. LDL-C levels were ascertained when participants were not on lipid-lowering therapy.
Each participant filled a questionnaire designed by Mayo Biobank investigators to ascertain risk factor profile and family and personal medical history. An EHR review provided comprehensive information on individual's personal or family history of ASCVD (Supplementary Table 1 Expected lipid-lowering effect of medications based on the type and dosage has been reviewed elsewhere 20 and is summarized in Supplementary Table 1 .
Variant annotation
The algorithms integrated sequencing alignment and variant calling by the bioinformatics specialist, variant database review and expert review using two different protocols. Variant database review. We further reviewed the classification of these variants in three databases, that is, NCBI-ClinVar, LDLR Leiden Open Variation Database (LOVD) and HGMD. As of August 2016 all 25 variants were present in ClinVar. In ClinVar, the review status for these variants ranged from (i) one submitter providing an interpretation with assertion criteria or multiple submitters providing conflicting interpretations to (ii) two or more submitters providing assertion criteria with the same interpretation. In 76% (19/25) of variants with more than one submitter, 74% (14/19) of interpretations differed across a three-tier classification system spanning from pathogenic/ likely pathogenic to uncertain significance to likely benign/benign. Five variants (5/19, 26%) had significantly discordant labels (likely benign/ benign versus likely pathogenic/pathogenic). We found that in the HGMD variants were classified as disease-causing more frequently than in ClinVar and literature reports not cited in the context of ClinVar (Po0.01; Supplementary Table 1 ; 'Variant Categorization').
Expert review. There were 50 unique interpretations based on two different algorithms (Table 1) . Supplementary Table 1 depicts results of comprehensive computational analyses of variant effect prediction, database and literature-derived annotation as well as clinical characteristics from the EHR. Reviewers #1 and #2 classified 25 variants according to prespecified procedures ( Figure 1) . Categorization of LDLR variants by reviewer #1 was based on variant frequency in NHLBI-exome variant server and Exome Aggregation Consortium, literature and HGMD reports, ClinVar data entries, in-silico prediction tools, including amino acid conservation and Grantham distance, and knowledge of LDLR functional regions. Classification of sequence variants was initially blinded to patient phenotypic data such as lipid levels and family or personal history of ASCVD. Post hoc phenotyping was performed only for three variants by requesting LDL-C levels.
Reviewer #2 annotated variants using a framework based on: (i) review of variant-level data, such as variant frequency, variant repositories and in-silico pathogenicity scores; (ii) review of primary literature (Supplementary Table 2 context of FH; dbSNP and dbVar were queried for LDLR variants and PubMed and Google Scholar searched using the following search terms: rsID and cDNA position for each variant, FH, secondary, and incidental findings; (iii) extensive EHR review including assessment of demographic data, LDL-C level and ascertaining DLCN criteria for FH comprising lipid levels, presence of personal or family history of premature ASCVD and hypercholesterolemia, arcus cornealis and xanthomas. Structured EHR data were mined for the highest untreated LDL-C levels. Family history was defined as occurrence of ASCVD before age 55 in men and 65 years in women. When taking into account FH-specific clinical factors in individuals that shared a variant we considered the highest DLNC score and the median of LDL-C levels. DNA variation databases included NCBIClinVar and LDLR-LOVD. For each variant the likelihood of altered LDL receptor activity was determined by an integrative score unifying different annotations from Polymorphism Phenotyping v2, SIFT, MutationTaster, Mutationassesor, Protein Variation Effect Analyzer. Supplementary Table 3 provides an outline for variant categorization and references the utilized tools. A total score was computed for each selected variant (Supplementary Table 1 , 'Variant Categorization'). Variants scored 4-5 were defined as likely pathogenic, 2-3 as variants of uncertain significance and 0-1 as likely benign.
Among variants classified discordantly, use of an LDLR-tailored framework based on the ACMG/Association for Molecular Pathology (AMP) guidelines more frequently tended to categorize variants as uncertain significance (10 versus 7). Intra-laboratory comparison of the in-house laboratory process and the proposed framework for the 25 paired variant assessments showed a disagreement rate of 40% (10/25) in variant classification when reviewers used a five-level classification (Supplementary Figure 3A) . Using a three-tier classification system (pathogenic/likely pathogenic versus uncertain significance versus likely benign/benign) 24% (6/25) of variants were assessed discordantly by the two reviewers (Supplementary Figure 3B) . We found 20% (5/25) variants to be reported in the literature at least once either in the disease setting, as part of FH case descriptions or FH registry analysis. A final discussion of which of the variants to return included review of the aforementioned information leading to a unanimous consensus that two variants (c.1691A4G, c.1432G4A) should be returned. There was a significant difference in the LDL-C levels between individuals with variants deemed to be actionable (n = 2, 1 European American and 1 Asian Chinese, median LDL-C, 5.4 mmol/l) compared to the rest of the samples (n = 122, 97% European Americans and 3% African Americans, median LDL-C, 3.5 mmol/l; Wilcoxon rank-sum test, P = 0.045). Table 3 summarizes the analysis of the original contributions categorizing variants reported herein, including incidental findings in whole-exome sequencing of ACMG genes.
DISCUSSION
We found 25 putatively disruptive low-frequency variants in the LDLR sequences of 1013 Biobank participants. Assignment of LDLR variant pathogenicity was often discordant between ClinVar submitters and two expert reviewers, highlighting the challenge of determining which variants should be returned to patients. Based on independent review, two LDLR variants were deemed clinically actionable and returnable.
Our report provides a conceptual framework for a gene/diseasetailored approach to variant classification. We estimated the burden of actionable incidental findings after Clinical Laboratory Improvement Amendments sequencing of LDLR in a community based cohort. A number of groups, including the ACMG and Human Variome Project, have developed standards for curation and interpretation of genetic variants identified by genome sequencing. Although LDLR variant databases are close to meeting ACMG-recommended levels of curation, 21 a third of the variants have discordant interpretation at the level of clinical actionability, supporting data from a recent report of inconsistency in variant classification between genetics laboratories. 13 A recent review of HGMD and ClinVar databases revealed that almost half of the variants in the genes listed by the ACMG are left unclassified. 12 Although we integrated available pathogenicity assignments into the variant annotation framework, discrepancies between databases and lack of evidence required by ACMG guidelines as well as a paucity of published data on interpretation of incidental findings in LDLR hampered the process of assigning pathogenicity. Together with the reported discordance across laboratories in categorizing Mendelian-disease variants these findings reinforce a need for a consistent and transparent approach to variant classification. 22 The two independent reviewers disagreed on almost half of the variants with inter-rater reliability of 60% within the ACMG/AMPrecommended classification system but were fully concordant in reporting actionable variants. It is recommended that various lines of evidence should be combined when assessing the pathogenicity of genetic variants. It is worth noting that pathogenicity for the vast majority of genetic variants has yet to be validated and therefore remains unknown. Interestingly, the experiment integrating the ACMG/AMP system 23 in classifying 347 variants sequenced in genes associated with Mendelian disorders did not increase the agreement rate among nine independent laboratories when compared to internal protocols. 13 In our study we observed that the variability in weighting the impact of available components for variant classification was the main cause of discordance between the two reviewers. In this cohort of individuals without clinical indications for genetic testing, absence of a 'gold standard' for likelihood of pathogenicity, such as quantification of LDL receptor activity (available only for seven variants in our testing set), the proposed framework recognized three levels of certainty of pathogenicity ranging from likely pathogenic to likely benign. This introduced another reason for disagreement involving four variants among the reviewers. These findings suggest that a standardized approach built on strength of each predefined criterion in the context of specific genes and syndromes might have yielded greater consistency in variant classification.
Interpretation of genetic sequencing results is a rapidly growing need; by the time of completion of the PGx sequencing project, classification of 33% of LDLR variants was not available in the databases but within a year annotations for the manually ascertained variants in LDLR were available for review in databases (details presented in Supplementary Material Online). We approached the pitfalls stemming from inconsistency in the reported variant classification by assessing each publication's assertion criteria. We assigned greater weight to variants with functional validation, followed by variants with interpretations based on more than one line of evidence and lastly variants without assertion criteria in ClinVar.
We identified a strong agreement in assigning clinical actionability between two independent reviewers (Cohen's Kappa of 0.1) when compared with the reported variant categorization. Following a discussion of discordant assignments a consensus was achieved between the reviewers and 1.1% (2/178) variants were considered reportable and actionable. This finding is consistent with prior reports demonstrating frequency of 1.4% for actionable incidental findings from disease-related genes, 24, 25 varying from 0.9 12 to 5% 10 for the 56 ACMG-approved gene set.
Differences in methodologies, subjectivity in processing and weighting the evidence for variant classification as well as discrepancies among bioinformatics prediction tools and DNA variation databases reinforce the need for a phenotype-centered system for variant classification followed by systematic aggregation of evidence-based set of rules to define whether variants are returnable/actionable. Despite differences in approaches used for assignment of variant pathogenicity we found reasonable concordance in interpretation between two independent reviewers with distinct backgrounds. When an ACMG-recommended five-tier classification was applied a greater inter-reviewer variability was observed, but even this discrepancy was less than a 53% disagreement rate described recently for a 153 variant set. 11 We employed a disease-specific criterion of a MAF r 0.3% to screen for likely disease associated variants in LDLR based on the reported prevalence of FH in the general population excluding founder populations. 6 Frequency of likely pathogenic variants identified in our study (1:507; 0.20%) matches the common estimations of FH prevalence in the general population (1:500). 26 LDLR sequence lends itself to evaluation of approaches for annotation of incidental findings given the objective phenotypic readout of LDL-C levels. Over 1200 variants in LDLR are responsible for~90% of FH cases with an identifiable genetic etiology. However a few caveats need to be considered: (i) in nearly 25% of patients with clinical diagnosis of FH a specific pathogenic variant in any of three FH-causing genes is not detected, 9 and (ii) certain individuals with a causal variant may not present with the phenotype (reduced penetrance), highlighting challenges associated with counseling and communicating results to patients. An overlap in the distributions of untreated LDL-C levels in mutation-positive and mutation-negative relatives of heterozygote FH patients implies that diagnostic criteria that rely solely on LDL-C levels may result in misdiagnosis. 27 This observation underscores the utility of DNA-based tests for efficient cascade testing and the need for standardized variant annotation protocols across laboratories. To date, the Exome Aggregation Consortium resource provides the largest database for the estimation of allele frequency for variations in exomes and was our primary source for the MAF-estimates. A paucity of diverse control data may lead to overcalling variant pathogenicity, 2, 28 and it is therefore imperative to further expand the catalog of human genetic diversity currently being generated as part of the Exome Aggregation Consortium 29 to aid automated gene/disease-specific filtering of plausibly pathogenic variants.
Several limitations of our study need to be mentioned. Testing of family members, knowledge of additional genetic and environmental factors and assays for LDL receptor functional activity will facilitate assigning pathogenicity to LDLR variants but were outside the scope of our study. Expanding the sample size and the number of interpreters would have allowed a more robust evaluation of variability in assigning pathogenicity. In order to identify those individuals with other than non-LDLR single-gene effects affecting lipid metabolism, a more comprehensive genetic assessment for APOB and PCSK9 variants would be needed. Integration of a Bayesian quantitative genomics approach for weighing levels of evidence and variant categorization may unify the assigned weights and assist in automated classification of incidental findings.
CONCLUSION
We report the extent of discordant interpretation of variant pathogenicity in LDLR among submitters to public databases and expert reviewers from a single center. Our report highlights challenges in identifying potentially actionable genetic variants from sequencing of disease-related genes and the need for a repository of annotated variants to facilitate implementation of precision medicine.
